Purpose: To study the impact of target geometrical and linac operational parameters, such as target material and thickness, electron beam size, repetition rate, and mean current on the ability of the radiotherapy treatment head to deliver high-dose-rate x-ray irradiation in the context of novel linear accelerators capable of higher repetition rates/duty cycle than conventional clinical linacs. Methods: The depth dose in a water phantom without a flattening filter and heat deposition in an xray target by 10 MeV pulsed electron beams were calculated using the Monte-Carlo code MCNPX, and the transient temperature behavior of the target was simulated by ANSYS. Several parameters that affect both the dose distribution and temperature behavior were investigated. The target was tungsten with a thickness ranging from 0 to 3 mm and a copper heat remover layer. An electron beam with full width at half maximum (FWHM) between 0 and3 mm and mean current of 0.05-2 mA was used as the primary beam at repetition rates of 100, 200, 400, and 800 Hz. Results: For a 10 MeV electron beam with FWHM of 1 mm, pulse length of 5 ls, by using a thin tungsten target with thickness of 0.2 mm instead of 1 mm, and by employing a high repetition rate of 800 Hz instead of 100 Hz, the maximum dose rate delivered can increase two times from 0.57 to 1.16 Gy/s. In this simple model, the limiting factor on dose rate is the copper heat remover's softening temperature, which was considered to be 500°C in our study. Conclusions: A high dose rate can be obtained by employing thin targets together with high repetition rate electron beams enabled by novel linac designs, whereas the benefit of thin targets is marginal at conventional repetition rates. Next generation linacs used to increase dose rate need different target designs compared to conventional linacs.
INTRODUCTION
The biological effect on both tumor and normal tissues between conventional and high dose rate radiation has been investigated for several decades but is still a topic of debate. [1] [2] [3] [4] [5] Recent in vivo studies investigating FLASH ultrahigh dose rate radiotherapy (≥ 40 Gy/s, FLASH) suggest that such high dose rates can reduce the occurrence of early and late complications affecting normal tissues while maintaining high kill rates in cancerous tissue. [6] [7] [8] [9] [10] This evidence, together with the desire for shorter overall treatment time, pushes for the development of systems that can deliver very high dose rates.
High dose rate radiation is facilitated by both novel radiotherapy concepts and new linac developments. One approach to provide increased radiation output is through removal of the flattening filter, which provides increases of 100% and 200% in output relative to the flattened beam modes at 6 MV and at 10 MV respectively. 11, 12 Hundreds of medical linacs with flattening filter free (FFF) functionality, such as the TrueBeam linac (Varian Medical Systems, Inc., Palo Alto, CA, USA) have been recently installed. 13 Stereotactic ablative radiotherapy (SABR) in particular benefits from high dose rate delivery because of large doses per fraction that otherwise require long delivery times, which may adversely impact uncertainty from patient motion over a treatment session.
Scanning beam hadron therapy (e.g., protons) may deliver extremely high dose rates within each pulse (>10 10 Gy/s with laser driven sources). 15 For radiotherapy systems working in FFF mode, the dose characteristics have been intensively studied both experimentally and numerically. [16] [17] [18] However, little research has been published on the temperature behavior of the x-ray target, which is one of the key parameters that limit the dose rate. Elevated temperatures at the target may result in target fatigue, recrystallization, creep, and vaporization. 19, 20 Previous work investigating tungsten-rhenium alloy megavoltage x-ray targets 21 shows that the heat load is limited by both the surface temperature of the cooling tubes and by the mechanical fatigue of the target surface.
A motivation of this work is novel linear accelerator technology that has the potential to achieve much higher dose rates through high pulse repetition rates and duty cycles to produce high average beam current. Recently developed designs for electron linear accelerators operating in the therapeutic energy range enable pulse repetition rates of 1 kHz or higher 22, 23 compared to conventional repetition rates of 100-300 Hz.
In this work, the transient temperature behavior of tungsten (W) targets was simulated via the Monte-Carlo code MCNPX 24 and the finite element analysis software ANSYS. 25 The geometrical parameters, i.e., the thickness of the target, and the linac operational parameters, including the electron beam size, the pulse repetition rate, and mean current are studied by simulating both the target temperature and the dose distribution in a water phantom placed at 100 cm from the target. The goal of the work is to provide insights into target design optimization for high dose rate radiotherapy systems. Figure 1 shows the geometry of the treatment head used for dose calculation, using a very simple design intended to understand basic principles. The target is composed of a tungsten layer and a 1 mm thick copper cooling layer with a diameter of 1 cm. The tungsten thickness varies from 0 (copper cooling layer serves as the target) to 3 mm and its effect on both the temperature and the dose distribution is investigated. Downstream of the target, there is a 5 mm thick copper plate used to remove the transmitted electrons. In previous studies on treatment heads working in FFF mode, different materials with thicknesses varying between 1 and 7 mm have been investigated. 26 The value chosen here is based on the CSDA (Continuous Slowing Down Approximation) range 10 MeV electrons in copper (6.9 mm), with the goal of minimizing the number of electrons transmitted through the copper plate. Finally a water phantom with a volume of a 50 9 50 9 50 cm 3 is placed at a source-to-surface distance (SSD) of 100 cm.
MATERIALS AND METHODS

2.A. Geometry and parameters for dose calculation
The electron beam parameters used for the simulation are listed in Table I . For comparison, in conventional radiotherapy systems, pulse lengths of several microseconds, repetition rates of hundreds of Hz, and mean currents of tens of lA are commonly used. 27 In our calculations, the energy of the electron beam has a Gaussian distribution centered at 10 MeV with a standard deviation of 0.1 MeV. The spatial lateral spread is also Gaussian with a range of FWHM values. The mean current is fixed at 0.1 mA for most of the simulations to keep the target temperature lower than the material melting points, i.e., 3410°C and 1085°C for tungsten and copper respectively.
The Monte Carlo code MCNPX 2.7.0 is used for dose calculation. The spatial resolution of the dose curves is determined by both the water detector size and the cut-off energy. The cut-off energies for electrons and photons in water are chosen to be 500 keV, and 8 keV respectively. At 500 keV the CSDA range of electrons is < 2 mm and nearly 90% of the photons are attenuated within 2 mm in water, so that the spatial uncertainty due to cutoff energy setup is less than 2 mm. For depth dose calculation, water detectors with radius of 1.5 cm, and increasing in thickness from 2 mm to 8 cm, are placed along the central axis. density) are used for dose calculations. To keep the statistical uncertainty below 2%, 5 9 10 8 primary electrons are simulated.
2.B. Geometry and parameters for temperature calculation
When electrons hit tungsten to generate x-rays, a significant amount of energy is lost to heat. For 10 MeV electrons, the ratio between radiation loss and collision loss is about 1 according to the rule of thumb formula: EZ/700, 28 where E is the electron energy in MeV, and Z is the atomic number (W:74). The simple target cooling scheme in our model uses a 1 mm copper layer placed underneath the tungsten target with water cooling from its periphery. The energy deposited within the target is simulated with MCNPX. Due to the axially symmetric geometry of the target and electron beam, concentric ring volume meshes (TMESH tally with cylindrical mesh geometry) are employed which can reduce the calculation time significantly compared to cubic mesh. The mesh size is chosen to be 1/20 of the electron beam FWHM to accurately represent the spatial energy distribution. The electron cut-off energy is set to 100 keV to keep the CSDA range in both tungsten and copper < 20 lm. A total of 2 9 10 8 particles are recorded to keep the statistical error < 1%, especially for the high energy density region.
After calculating the energy density data, a C++ code is used to convert the output from MCNPX to the input for ANSYS. The geometry and mesh setup for temperature simulation are schematically shown in Fig. 2(a) . A wedge structure (with total azimuthal angle of 3.6 degree) instead of the whole cylindrical target is used to reduce the calculation time. A hexahedron mesh with edge length of 1/20 of the electron beam FWHM is employed and the data at each intersection point are automatically calculated from MCNPX results marked with blue dots shown in Fig. 2(a) . Before calculation, the energy density data (blue dots) are repeated in the azimuthal ɸ direction to cover the 3D mesh points in ANSYS. The peripheral boundary of the copper is held at 100°C to represent the water cooling, which is typically between 50 and 150°C (under pressure) in practice. The top and bottom boundaries are perfectly isolated, since theoretical calculations indicate that the energy loss due to convection (air) and radiation (air and vacuum) can be neglected. The front and back boundaries in the azimuthal ɸ direction can also be modeled as perfectly isolated because by radial symmetry the heat flow in each direction perpendicular to the surface sums up to zero. The mesh and imported energy density data used in ANSYS are shown in Figs. 2(b) and 2(c) respectively. The energy build-up region in tungsten centered at z~0.35 mm can be clearly seen.
2.C. Transient temperature characterization
The green curve shown in Fig. 3 is a typical transient temperature behavior of the target under repeating heat loads, which is characterized by a saw shape with constant top-totrough amplitude. The red curve represents the track temperature, which is defined and obtained by calculating the target temperature under an averaged heating load. The top amplitude is defined as the difference between the peak temperature and the track temperature, and the bottom amplitude is the difference between the track and the trough temperature, both of which can be calculated from any one of the pulses since all pulse shapes are almost identical. After sufficient number of heating loads, the target will reach its equilibrium state, i.e., all three characteristic temperatures become approximately stable and change with time is minimal. We observed that the track temperature can be well-fitted by an overdamped model:
where T 0 is the track temperature when the target reaches its equilibrium state, and A and k are constants obtained by fitting the temperature curve. By simulating track temperature and only a few pulses, both the trough and peak temperatures can be calculated, and thus completely describe the temperature behavior when the target reaches equilibrium state. The introduction of track temperature can reduce the computation time significantly because only one transient step is calculated.
2.D. Material properties
In Fig. 4 the specific heat and thermal conductivity for W and Cu are compared. 29, 30 Cu's specific heat and thermal conductivity are about twice that of W for the whole temperature range.
During operation, first, the Cu temperature should be kept below 600°C to minimize grain growth, which happens at its softening temperature. In addition, the material should not be subject to temperatures greater than 1/2 of its melting point (1085°C for copper) during operation. Based on these conditions, we chose the operational temperature limit of Cu to be 500°C. Second, the temperature of W should be kept lower than its recrystallization value. Recrystallization is the migration of high angle grain boundaries driven by the stored energy of deformation. 31 During recrystallization, cracks, surface roughening, and swelling may occur and affect the mechanical and thermal properties of the material. 20 Recrystallization happens at 50-70% of the melting point temperature. For bulk W, a recrystallization temperature of 1300-1500°C is well-accepted, 20 and values higher than 1700°C have also been reported. 32 Here, we chose W's recrystallization temperature to be 1500°C. For simplicity, we did not investigated the impact of cyclic temperature variations on mechanical fatigue, which would be needed for a more detailed analysis of a specific target design.
RESULTS AND DISCUSSION
3.A. Temperature simulation 3.A.1. Heat energy dissipation Figure 5 shows the contour plot of the temperature distribution in the 1 mm tungsten target at the start and end of each electron pulse after the target has reached its equilibrium state. The irradiation parameters are: electron beam FWHM of 1 mm, pulse length of 5 ls, repetition rate of 100 Hz, and mean current of 0.1 mA. At equilibrium, the change of the temperature becomes periodic, first ramping up to a maximum value at the start of each pulse and then decaying to its lowest value at the end of each pulse. At the beginning of each pulse, the highest temperature (~1300°C) is located in the maximum heat energy density deposition region, which is approximately 0.35 mm deep into the tungsten target. Then the heat quickly diffuses both laterally and vertically to the cooling copper plate. Comparing the temperatures at the start and end of each pulse, we find that copper cooling is efficient at removing heat and thus provides a good mechanism to reduce the target temperature, i.e., from maximum value of 1300°C to about 400°C. In addition, the existence of heat build-up regions indicates that thin targets less than 0.35 mm can be employed to mitigate the target temperature issue. Fig. 6(b) for targets of various thicknesses. With increased target thickness, the top amplitude keeps the same but the track temperature keeps increasing, which results in an increased peak temperature. The amplitude is determined by thermal conductivity, the constant amplitude is due to the quasi-constant thermal conductivity in the temperature range of interest. For Cu heat remover, both amplitude and track temperature are changing, with the highest peak temperature seen at a target thickness of about 0.5 mm. At this thickness, the energy build-up region is centered at approximately the target-copper interface (see Fig. 5 ). Note that there is no build-up region in copper due to its low-Z property, which explains its lower temperature when the target thickness is < 0.5 mm. In summary, thinner targets lead to reduced track temperature thus lower peak temperature of the target.
3.A.2. Transient temperature behavior
Figures 6(c) and 6(d) plot the temperature behavior for different electron beam sizes, using the same target thickness of 1 mm and mean current of 0.1 mA. A large beam size can reduce both the peak temperature and amplitude for both the W target and Cu plate. For instance, at equilibrium state, by increasing the electron beam FWHM from 1 mm to 2 mm, the target peak temperature decreases from 1283°C to 647°C, and the oscillation amplitude decreases from 871°C to 291°C, respectively. The reduced track temperature and amplitude for both W target and Cu plate is due to the reduced energy density with increased electron beam size.
Figures 6(e) and 6(f) summarize the repetition rate effect. Under the same mean current, the track temperature remains constant for different repetition rates. However, both top and bottom amplitudes decrease with increasing repetition rate. For instance, when the rate increases from 100 Hz to 200 Hz, the top-to-trough amplitude for W target decrease about 2 times from 871 to 436°C. In conclusion, high repetition rate can reduce temperature amplitude.
The effect of mean current on target temperature is shown in Figs. 6(g) and 6(h). For both W target and copper heat remover, both the track temperature and the amplitude increase with increasing current, resulting in a linearly increasing peak temperature. The linear relationship between the peak temperature and the mean current can be utilized to calculate the maximum operational current (see Section 3.B.2).
In addition to tungsten, we simulated a tungsten-rhenium alloy W25Re because it is a common target material given its high recrystallization temperature compared to W. We found that due to its two times lower thermal conductivity compared to W, its peak temperature is about several hundred degrees higher than that of the W target under the same geometric and operational conditions. Thus there is no net advantage using W25Re over W from temperature perspective. The simulation results are included for reference in the Appendix A1. Figure 7 shows the depth doses for a tungsten target of various thicknesses. The maximum depth dose is at approximately 2.5 cm in water. When the target is thin, the surface dose on the water phantom becomes higher, e.g., from 50% to about 100% of the maximum dose when the target thickness decreases from 3 to 0 mm. The increased surface dose is due to the transmitted electrons. Except for the surface dose, however, the doses in the water phantom region are almost the same when the target thickness is between 0.2 and 1 mm. The identical depth doses can be explained as follows: for high-energy photons, the target thickness has little effect since the absorption coefficient is low; for low energy photons, the gains from electron bremsstrahlung and the losses due to self-absorption processes compensate for each other. An interesting result is that copper alone (removing the tungsten target) can also generate a high depth dose, thus a thin tungsten target with 1 mm copper or even only a 1 mm copper layer can be employed as the x-ray target. In addition, due to the small beam size compared to the source-to-surface distance, we found that the beam size has negligible effect on the depth dose [see Fig. A3 (a) in the Appendix A1]. Since beam size and target thickness may affect lateral dose profiles, [33] [34] [35] we simulated the effect of the two parameters on the penumbra across the edge of a halfblocked beam, and found that penumbra is more sensitive to the beam size than to the target thickness [see
3.B. Dose calculation
3.B.1. Depth doses
Figs. A3(b)- A3(d) in the Appendix A1].
3.B.2. Maximum dose rates
The maximum dose rate that a target delivers can be found from its maximum allowable mean current. For the purpose of this exercise, maximum mean current is defined as the current at which either the peak temperature of the target reaches its recrystallization value or the copper heat remover reaches it softening point. Figure 8 shows the peak temperature of two thickness tungsten targets and the adjacent copper heat remover under different repetition rates and mean currents. The peak temperature increases linearly with mean current, and therefore the maximum current can be easily found by interpolation. For instance, by setting the maximum temperature of W and Cu to be 1500°C and 500°C respectively, for the 1 mm W target at 100 Hz repetition rate, the maximum mean current is limited by Cu, i.e., 0.087 mA [point B in Fig. 8(a) ].
From the maximum mean current, the maximum dose rate can be calculated by taking into account the dose delivered per electron (Fig. 7) . Table II summarizes the maximum dose rate delivered at 2.5 cm deep in a water phantom (i.e., maximum depth dose region, where on average each electron can deposit energy~6.5 9 10 À6 MeV/cm 3 ) for tungsten target. From Fig. 8 and Table II the repetition rate increases from 100 Hz to 800 Hz, the dose rate increases about 1.4 times from 0.57 to 0.77 Gy/s and 2.5 times from 0.46 to 1.16 Gy/s respectively. This is because for target thickness < 0.35 mm, the center of the energy build-up region is buried in the Cu layer, which results in a lower energy density deposited in the W, and thus the track temperature is reduced which again results in a low peak temperature. (b) In this simple design, the limiting factor for dose rate is the softening temperature of Cu, since copper reaches its softening temperature earlier than W reaches its recrystallization value [see points A and B in Fig. 8(a) 
CONCLUSIONS
In this article, a method to characterize the target transient temperature behavior at its equilibrium state is proposed. By simulating both target temperature and dose distribution under different geometrical and operational conditions, we observe that higher dose rate for 10 MV photons can be achieved by employing thin targets together with the high repetition rates achievable with novel linac designs. With conventional repetition rates, the advantage of thin targets is not seen or less pronounced. Thin targets result in low track temperature, high repetition rates result in small temperature oscillation amplitudes, and both modifications have little effect on depth dose, especially when the target thickness < 1 mm. Increasing the electron beam size can significantly reduce the target temperature, but it will increase the lateral beam profile penumbra. The thermal conductivity of W is two times higher than W25Re. Thus W demonstrates better temperature performance than W25Re, i.e., several hundred°C lower under the same operational conditions. However, the limiting factor for dose delivery in the simple target design studied here is the softening temperature of Cu (assumed to be 500°C in our simulations), which results in a similar maximum dose rate for both target materials. A better heat remover design having either higher softening temperature or faster heat removal capability could permit a further increase in the dose rate. 
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APPENDIX A1 W25RE RESULTS AND BEAM PROFILES SIMULATION OF TUNGSTEN-RHENIUM ALLOY
Besides tungsten (W), a tungsten-rhenium alloy (W25Re) is a common target material owing to its higher recrystallization temperature (1600-1800°C) despite a lower melting temperature (3050°C) as well as better strain performance compared to W. [36] [37] [38] Of note, the specific heat of W25Re is the same as that of W, but its thermal conductivity is about half that of W over the temperature range 0-2500°C. 39, 40 We conducted the same simulations for W25Re as for W (Fig. A1) . We found the peak temperature of W25Re target is about several hundred°C higher than W (see Fig. 6 ) under the same operational conditions, thus there is no net advantage using W25Re over W from a temperature perspective. Figure A2 shows the treatment head geometry used to simulate the effect of electron beam size on both the depth dose and lateral beam profile. To calculate the half-field beam lateral profile, based on the geometry shown in Fig. 1 , first, an 8 cm thick half-field tungsten collimator was placed 40 cm below the target surface. Second, water detectors with width of 0.5 mm, height of 1 cm, length of 10 cm (along the long edge of the half-field collimator, i.e., x-axis) were placed at a depth of 2.5 cm (depth of maximum depth dose) in the water phantom from left to right to record the dose distribution. Figure A3 shows the depth doses for a 1 mm tungsten target under electron beams of different sizes. The beam size has negligible effect on the depth dose, because the beam size is small compared to the source-to-surface distance. 
SIMULATION OF EFFECTS OF ELECTRON BEAM SIZE AND TARGET THICKNESS ON DEPTH DOSE AND LATERAL BEAM PROFILE
